INTRODUCTION
Advances in perinatal care have markedly increased the prospects of survival for infants born extremely preterm (EP). 1 2 However, there is an increasing awareness that EP birth carries a risk of poor long-term pulmonary outcome. 3 4 Gas exchange in these tiny neonates must take place in developmentally fetal lungs, characterised by ongoing differentiation and growth. 5 Survival usually requires comprehensive and invasive treatments including assisted ventilation and long periods of oxygen supplementation. 1 Thus, preterm birth and the necessary respiratory support may disturb fine-tuned programmed patterns of fetal lung development, potentially with long-lasting negative effects on lung function. 5 The most significant pulmonary complication of preterm birth was termed bronchopulmonary dysplasia (BPD) by Northway in 1967. 6 Although definitions have changed and the clinical expression is generally less severe today, BPD continues to pose a major risk to these children. 7 The incidence of BPD after EP birth seems to have settled in the range of 50%, defined by the need for oxygen therapy or assisted ventilation at 36 weeks' postmenstrual age. 8 The phenotype of BPD after early childhood is poorly described. There are no human biopsy studies and structural characteristics must be inferred from functional investigations. Airway obstruction has repeatedly been reported for children born preterm, and those with BPD generally do worse. 4 Development of lung function from childhood to adulthood is debated and not well understood, and longitudinal studies are few. [9] [10] [11] Normally, after childhood growth, lung function attains a stable plateau before onset of a physiological age-related decline. 12 The maximum level obtained, the duration of the plateau and the rate of the decline predict if and when obstructive pulmonary disease will occur in later life.
The aim of this study was to compare the development of lung function from mid-childhood to adulthood in subjects born EP with that of peers born at term. For this purpose, two population-▸ Does the development of lung function from childhood to adulthood after extremely preterm birth differ from that of peers born at term?
What is the bottom line?
▸ Airway obstruction was observed throughout the study period for those born preterm and was most pronounced after neonatal bronchopulmonary dysplasia; however, lung function trajectories were basically parallel in all subgroups.
Why read on?
▸ This is the first controlled and population-based report on the longitudinal development of lung function from childhood to adulthood after extremely preterm birth, and the data underline the risk of early onset of COPD in subsets of this population.
based cohorts of subjects born EP and matched control subjects born at term were examined on two occasions, enabling construction of lung function trajectories from 10 to 18 years and from 18 to 25 years of age.
METHODS

Subjects and study design
The preterm-born participants consisted of two populationbased cohorts born in 1982-1985 and 1991-1992 at gestational age ≤28 weeks or with birth weight ≤1000 g by mothers living within a defined area of the Western Norway Regional Health Authority. Subjects were considered enrolled when admitted to the neonatal intensive care unit (NICU) at Haukeland University Hospital, the only institution in the region admitting children eligible for this study. The senior medical staff was largely unchanged in the two inclusion periods. 13 For those born in 1991-1992, exogenous surfactant (Exosurf ) was prescribed as for selective administration in the Osiris trial.
14 Gestational age at birth was determined according to identical algorithms in both inclusion periods. 13 A diagnosis of BPD was assigned if supplemental oxygen was required at 28 postnatal days (mild BPD) or postmenstrual age ≥36 weeks (moderate/severe BPD). 15 Neonatal data were obtained from hospital charts, equally and systematically recorded and prospectively tabulated for the two inclusion periods. Other relevant background data were obtained from questionnaires filled in by the subjects and/or parents at the time of the examinations.
One individually matched term-born control subject was recruited at the first visit in 2001 for each preterm-born participant. The temporally nearest term-born child of the same sex and with birth weight 3-4 kg (Norwegian 10-90 percentiles) was identified from hospital birth protocols. If that subject declined, the next born subject was approached, and so on.
Subjects were first seen in 2001-2002 and subsequently in 2008-2009 at the cardiopulmonary laboratory in the Pediatric Department, Haukeland University Hospital. The same paediatrician and respiratory physiologist performed all examinations at both visits with similar equipment.
Lung function measurements
Spirometry was performed with a Vmax spirometer (SensorMedics, Anaheim, USA) at both visits, according to standard quality criteria. 16 Forced expiratory volume in 1 s (FEV 1 ), forced vital capacity (FVC) and forced expiratory flow at 25-75% of FVC (FEF ) were recorded and standardised to z scores and percentages of predicted using the all-age reference equation, correcting raw data for differences in age, sex and height. 17 
Statistical methods
Differences between independent groups were assessed with the independent sample t test or Mann-Whitney U test for continuous variables and the Pearson χ 2 test for categorical outcomes. Associations between lung function values obtained in 2001-2002 and 2008-2009 were assessed with simple linear regression analyses, and prediction equations and coefficients of determination (R 2 ) were provided for FEV 1 and FEF . Lung function development was analysed with the mixed linear regression model of SPSS with respect to age and group (control, EP non-BPD, mild BPD and moderate/severe BPD), including interaction terms. 18 The model allows for inclusion of subjects seen only once. Backwards stepwise linear regression models were constructed to explore associations for FEV 1 z scores at visit 2 versus background variables listed in table 1. Within the pretermborn groups, similar regression models were applied to explore associations for z-FEV 1 at visit 2 versus gestational age at birth, birth weight, days on ventilator, treatment with postnatal and antenatal corticosteroids and surfactant therapy. The study was originally designed to have 90% power to detect differences exceeding 7.5% in FEV 1 between the two preterm and termborn cohorts, given a significance level of 0.05. The full study had 85% power to detect changes in z-FEV 1 of 0.6 from visit 1 to visit 2, providing the same significance level. All analyses were performed with SPSS V.18.0 (SPSS, Chicago, Illinois, USA).
RESULTS Subjects
A total of 130 eligible neonates were admitted to the NICU in the two inclusion periods and 86 (66%) were alive at the first follow-up in 2001-2002 (figure 1). Neonatal mortality was 39% in the first inclusion period (1982) (1983) (1984) (1985) and 27% in the second (1991-1992) (p=0.157). Of the 86 survivors, 81 (94%) participated at the first follow-up visit, 83 (97%) participated on at least one visit and 74 (86%) attended both (figure 1). Seven (8%) of the 83 participants were included based on the birth weight criterion ≤1000 g alone, five in the 1982-1985 cohort (mean gestational age 30 weeks) and two in the 1991-1992 cohort (gestational age 30 and 31 weeks). All but two subjects were Caucasians. Two subjects in the 1982-1985 cohort had spastic tetraplegic cerebral palsy and scoliotic thorax restriction, one of whom had corrective surgery between the two examinations.
One term-born control was invited in 2001-2002 for each of the 81 preterm-born index subjects and 61 (75%) of those primarily invited responded positively. Another 27 term-born subjects had to be approached to recruit a complete 1:1 individually matched control cohort. Fourteen (17%) of these control subjects declined to participate in 2008-2009.
Perinatal characteristics
Subjects with neonatal BPD tended to be more immature and of lower birth weight and were more likely to have been treated with postnatal corticosteroids and with exogenous surfactant (in 1991-1992) (table 2). Significant changes from 1982-1985 to 1991-1992 were fewer ventilator days and more use of antenatal steroids in the mild BPD group, and lower gestational age and more use of postnatal steroids in the moderate/severe BPD group.
Age, height and weight
The results are presented as z scores in table 3 and raw data in  online supplementary table 3E . Preterm and term-born subjects were of similar mean (SD) age at the first and second follow-up examination ( . Growth patterns between the first and second assessments did not differ between the three subgroups-that is, subjects born preterm with and without neonatal BPD and those born at term showed similar growth trajectories.
Lung function
The results are presented as z scores in table 4 and figure 2 and as percentage predicted in online supplementary table 4E. Satisfactory and reproducible flow-volume loops were obtained from all participants. Values reflecting airflow were significantly lower in subjects born preterm than at term over the complete study period. For most variables, deficits were more marked following neonatal BPD.
For subjects born in 1991-1992, the z scores for all spirometric variables were largely similar at 10 and 18 years of age within each of the four subgroups (EP-born subjects with no, mild or moderate/severe BPD and term-born control subjects). There were no significant differences between the four groups regarding the pattern of lung function development over the study period (tests of interaction).
For subjects born in 1982-1985, the z scores for FEV 1 and FVC were largely similar at 18 and 25 years of age while the z-scores for FEV 1 /FVC and for FEF tended to be lower at 25 years. There were no significant group differences regarding the pattern of lung function development over the study period (tests of interaction).
Both birth cohorts had lung function studies at 18 years of age, although approximately 7 years apart, and the findings were principally similar except that z-FVC was lower and z-FEV 1 /FVC was higher in the moderate/severe BPD group of the 1982-1985 cohort (see online supplement for details).
For each of the study groups there was a close correlation between z scores for FEV 1 and FEF obtained at the first and second visit, and the correlations were similar for the preterm-and term-born cohorts (R 2 =0.64-0.83, figure 3 ).
Lung function related to background
Detailed statistical results are listed in the online supplement. Regressing z-FEV 1 on the background variables listed in table 1 revealed significant effects from asthma and use of asthma medication in preterm-born subjects in the 1991-1992 cohort, both reducing z-FEV 1 in the range of 0.5-0.6. In the 1982-1985 cohort, this association could not be observed; however, in the control group maternal smoking contributed negatively in a final model containing several explanatory variables. Apart from the effects from BPD (table 4 and online supplementary table  4E) , the only neonatal variable with significant long-term influence on FEV 1 was postnatal treatment with corticosteroids in the 1991-1992 cohort, reducing z scores with 0.6. None of the included variables influenced the interaction terms -that is, neither neonatal nor background characteristics influenced tracking of z-FEV 1 differently in the various subgroups of the study.
DISCUSSION
This is the first controlled population-based study describing the development of lung function from mid-childhood through puberty and from late adolescence into adult life for EP-born subjects. Airway obstruction was observed throughout the complete study period and was most pronounced for those with neonatal BPD. However, lung function trajectories did not differ between the preterm-and term-born groups or between those born preterm with and without neonatal BPD, suggesting a parallel development throughout the study period.
The major strengths of this study are the population-based design, long follow-up period and nearly complete attendance. Perinatal data for EP-born participants were prospectively and systematically recorded and tabulated while subjects were still in and results expressed as *p<0.05, **p<0.01, ***p<0.001 (column 1 regarding cohort differences and columns 2 and 3 regarding within-cohort subgroup differences in BPD). BPD, bronchopulmonary dysplasia; EP, subjects born extreme preterm (ie, gestational age ≤28 weeks or birth weight ≤1000 g); m/s BPD, moderate/severe BPD (ie, oxygen supplement at gestational age 36 weeks); mild BPD, oxygen supplement at 28 postnatal days. Figures are group mean z scores with 95% CIs or group mean differences with 95% CI, except for age (mean value with SDs). p Values assess group differences with respect to development from the first to the second examination (mixed linear model of SPSS, tests of group vs examination interaction). ΔZ denotes mean change in z score from first to second examination. †Denotes differences between the control groups and the respective EP BPD subgroups. BPD, bronchopulmonary dysplasia; EP, subjects born extreme preterm (ie, gestational age ≤28 weeks or birth weight ≤1000 g); m/s BPD, moderate/severe BPD (ie, oxygen supplement at gestational age 36 weeks); mild BPD, oxygen supplement at 28 postnatal days. Figures are group mean z scores with 95% CIs or group mean differences with 95% CI, except for age (mean value with SDs). p Values assess differences between the three subgroups with respect to development from the first to the second examination (mixed linear model of SPSS, tests of group vs examination interaction). ΔZ denotes mean change in z score from first to second examination. †Denotes differences between the control groups and the respective BPD subgroups. BPD, bronchopulmonary dysplasia; EP, subjects born extreme preterm (ie, gestational age ≤28 weeks or birth weight ≤1000 g); FEF , forced expiratory flow at 25-75% of FVC; FEV 1 , forced expiratory volume in 1 s; FVC, forced vital capacity; m/s BPD, moderate/severe BPD (ie, oxygen supplement at gestational age 36 weeks); mild BPD, oxygen supplement at 28 postnatal days; z Score, (observed value − expected value)/(SE of the expected value), calculated with the all-age reference equation.
the NICU. Subjects were retrospectively included in 2001, but the organisation of medical care in the region and identical algorithms for determination of gestational age at birth ensured that recruitment would have been the same if performed prospectively. The control groups were the same throughout the study period and were recruited according to a strict algorithm based on the 'next-born subject' principle. This approach minimised the risk of selection bias inherent in all open forms of recruitment, particularly as most of those first invited consented. Finally, and contrary to some previous studies, 10 11 the all-age reference equation provided by Stanojevic et al 17 allowed for uniform handling of data from childhood to adulthood. 19 The equation fitted the control population well with two exceptions: for FEF and FEV 1 /FVC measured at 18 years of age in the 1982-1985 cohort, the 95% CIs did not include zero. The prime objective of this study was to include all EP-born neonates (ie, at gestational age ≤28 weeks). However, early ultrasound scans were not routinely performed in the early 1980s and a weight criterion was introduced due to the possible uncertainty of setting delivery dates by menstrual data alone. Splitting the dataset by BPD facilitated focus on those with the most complex neonatal history and possibly most at risk for later chronic obstructive pulmonary disease (COPD), but also led to fewer subjects in each subgroup, complicating statistical conclusions. Instead of reporting p values we have generally used 95% CIs to address uncertainties for estimated mean values, except for interaction terms used to address developmental differences.
The majority of young people have large ventilatory reserves, even when performing high intensity physical activities. Moderate deficits and normal age-related declines in airflow capacities throughout adulthood are therefore generally well tolerated. 12 However, severe airway obstruction has been reported in some young survivors of BPD.
11 13 20-24 The lifelong implications from these findings depend on subsequent developmental patterns, and further declines may well mean that thresholds for respiratory symptoms and COPD are already reached in middle age in some of these individuals. A major finding of the present study was that FEV 1 was remarkably stable from age 10 to 18 and from 18 to 25 in all subgroups, and also for those with the most severe deficits in the moderate/severe BPD group. In the latter subgroup the mean FEV 1 percentage predicted barely exceeded 80%, which is considered a cut-off level required for a diagnosis of COPD. Viewed in this context, a further decline of 5%, or approximately 0.5 z scores, could implicate a long-term clinical bearing. We know from other studies that age-related lung function decline differs between population subgroups, and that factors such as cigarette smoking, wheeze and asthma influence development. Conceivably, these and also neonatal factors other than BPD may have an added negative effect on lung function development after preterm birth. The size of our dataset precludes firm statements, but we were able to single out asthma and postnatal treatment with corticosteroids as such potential risk factors for reduced z-FEV 1 at age 18 in the 1991-1992 preterm-born cohort. Larger longitudinal studies across decades are necessary to unravel these issues and these are logistically demanding to carry out, illustrated by a paucity of studies and the high dropout rates in some of them. A complicating and relevant factor is that pubertal lung function development is difficult to modulate mathematically, as illustrated by Quanjer et al. 19 Thus, to avoid being misled, high quality reference equations are critical and comparable subjects 'unexposed' to preterm birth should be studied in parallel.
Preterm infants born in the 1980s and 1990s were exposed to different neonatal treatment techniques, policies and algorithms, and standard NICU care improved during this period. In parallel, there was a trend towards increased survival particularly for the smallest infants, partly reflected also in our dataset. These changes open for cohort effects and alterations in outcomes that may be difficult to predict. Direct comparisons between subjects born preterm during these two periods should therefore be cautiously interpreted. Nevertheless, one may speculate that the observed cohort differences regarding FVC and FEV 1 /FVC may represent alterations reflecting a more restrictive lung function pattern of the 'old BPD' of the 1980s. Our main objective was, however, to address tracking of lung function -that is, to examine if the airway obstruction repeatedly reported for ex-preterm children is likely to persist to adulthood and thereby represent a potential precursor of COPD. One may argue that a similar development in groups born several years apart (and therefore exposed to different treatment regimens) and also in subgroups with relatively large variations with respect to lung function outcome do not weaken the notion that FEV 1 -also after preterm birth-is tracking from childhood to adulthood. Neither neonatal nor other background variables could be shown to influence the interaction terms used to compare the growth trajectories in the various subgroups. Thus, although lung function is reduced after EP birth, the rate of growth and development does not seem to differ from that of term-born peers. Interestingly, from 18 to 25 years of age there was a slight downward trend for the Figure 2 Forced expiratory volume in 1 s (FEV 1 ) in 83 preterm-born subjects, 25 with requirement for oxygen treatment at 36 weeks gestational age (bronchopulmonary dysplasia (BPD)) and 58 without (no BPD), and in 81 controls subjects born at term. The y axis represents z scores for FEV 1 (ie, the number of SDs the measurements are above or below the value predicted by the all-age reference equation). ) in preterm-and term-born participants. Measured values were transformed to z scores using the all-age reference equation. 17 Results obtained at the younger age (S1) on the x axis and at the older age (S2) on the y axis. Full lines are regression lines with mean 95% CIs. Prediction equations and coefficients of determination (R 2 ) are given for each variable and group.
variables FEV 1 /FVC and FEF which affected all subgroups similarly, suggesting that an age-related small airway obstruction had possibly begun for all.
Few studies have investigated the longitudinal development of lung function after preterm birth. Two studies from the 1990s are difficult to interpret since they did not include term-born controls. 25 26 In a study from Italy, 17 subjects with BPD (oxygen therapy at 28 postnatal days) born at a mean gestational age of 28.1 weeks were examined at 2, 9 and 15 years of age. Compared with control subjects born at term, they had significantly lower FEV 1 and z scores were basically stable throughout the study period. 9 27 28 In a cohort from London born at a mean gestational age of 31.5 weeks, airway obstruction was observed at 7-9 years of age but not at 21 years. 10 29 The authors concluded that some catch-up development had occurred; however, only 20% of the original cohort participated at 21 years and different term-born control groups were recruited for the two visits. In Melbourne, a large cohort of subjects born with birth weight <1500 g were followed until 18 years of age.
11 30 31 Subjects with BPD (oxygen therapy at 28 postnatal days, n=33), but not those without BPD, had marked airway obstruction that tended to worsen from 8 to 18 years of age; however, developmental data for term-born control subjects were not detailed.
CONCLUSIONS
The present study suggests that EP-born subjects have significant airway obstruction which tracks from childhood through puberty to adulthood. Some decline in small airway dimensions may have begun at 25 years of age which is similar in pretermand term-born groups. We know that age-related decline in lung function varies between subjects 12 32 and that cigarette smoking, childhood pneumonias, 33 asthma 34 and airway hyperresponsiveness 35 may accelerate this process. These traits and exposures are highly relevant for a large proportion of preterm-born individuals. 3 11 Thus, the present study certainly underlines the risk of premature onset of COPD in subsets of this group, substantiating proposals put forward in an editorial by Wohl in 1990. 36 
